Cilia are evolutionarily conserved organelles endowed with essential physiological and developmental functions. In humans, disruption of cilia motility or signaling leads to complex pleiotropic genetic disorders called ciliopathies. Cilia motility requires the assembly of multi-subunit motile components such as dynein arms, but mechanisms underlying their assembly pathway and transport into the axoneme are still largely unknown. We identified a previously uncharacterized coiled-coil domain containing protein CCDC151, which is evolutionarily conserved in motile ciliated species and shares ancient features with the outer dynein arm-docking complex 2 of Chlamydomonas. In Drosophila, we show that CG14127/CCDC151 is associated with motile intraflagellar transport (IFT)-dependent cilia and required for geotaxis behavior of adult flies. In zebrafish, Ccdc151 is expressed in tissues with motile cilia, and morpholino-induced depletion of Ccdc151 leads to left-right asymmetry defects and kidney cysts. We demonstrate that Ccdc151 is required for proper motile function of cilia in the Kupffer's vesicle and in the pronephros by controlling dynein arm assembly, showing that Ccdc151 is a novel player in the control of IFT-dependent dynein arm assembly in animals. However, we observed that CCDC151 is also implicated in other cellular functions in vertebrates. In zebrafish, ccdc151 is involved in proper orientation of cell divisions in the pronephros and genetically interacts with prickle1 in this process. Furthermore, knockdown experiments in mammalian cells demonstrate that CCDC151 is implicated in the regulation of primary cilium length. Hence, CCDC151 is required for motile cilia function in animals but has acquired additional non-motile functions in vertebrates.
INTRODUCTION
Cilia or flagella are highly conserved structures implicated in fundamental functions from protozoa to mammals. Cilia are involved in cell and fluid motility and serve sensory and signaling functions. Cilia or flagella are built around a core microtubule skeleton composed of nine microtubule doublets, with additional features varying between motile and sensory cilia. In motile cilia, specific components are observed and required for motility, which includes inner dynein arms (IDA) and outer dynein arms, nexin links and most often a central pair of microtubules linked to the peripheral doublets by radial spokes.
In humans, cilia dysfunction leads to various syndromes with complex symptoms that can be due to defects either in cilia motility or in signaling (1, 2) . Defects in cilia motility lead to a characteristic pathology called primary ciliary dyskinesia (PCD). Whereas 21 genes (DNAH5, DNAH11, DNAI1, DNAI2, TXNDC3, DNAL1, CCDC103, CCDC114, KTU, LRRC50, † Co-senior authors. * To whom correspondence should be addressed at: CGphiMC UMR 5534, Université Lyon-1, Bâtiment Gregor Mendel, 16 563-577 doi:10.1093/hmg/ddt445 Advance Access published on September 18, 2013 LRRC6, HEATR2, DNAAF3, RPGR, OFD1, RSPH9, RSPH4A, HYDIN, CCDC39, CCDC40, CCDC164) responsible for this disease have already been described, many remain to be identified to explain all PCD cases (3) . A majority of the genes identified to date are involved in the assembly of axonemal dynein arms or motile features such as radial spokes or the central pair of microtubules. Studies in Chlamydomonas provided essential information on the components required for cilia motility. A mutagenesis screen for paralyzed or slowed flagella allowed the characterization of several classes of mutants affecting different structures of the axoneme such as axonemal dynein arms (4) . This led to the identification of several components of the axonemal dynein complexes or assembly pathway (reviewed in 5). In addition, genetic studies in zebrafish and human ciliopathies uncovered novel components of the assembly pathway and yielded insights into its conservation throughout evolution (6-12; reviewed in 13) .
Dynein arm assembly is initiated in the cytoplasm and requires at least three dynein assembly factors, DNAAF1 to 3, which, when mutated, give rise to PCD in humans (7, 10, 14, 15) . Dynein arms are then transported along the axoneme by the intraflagellar transport (IFT) machinery. A few proteins playing a specific role in the transport of motile components have been described. For example, ODA16/WDR69 is a protein specifically required for the assembly of outer dynein arms and directly interacts with the IFT machinery (16, 17) . Outer dynein arms were shown to be transported by IFT46 into Chlamydomonas flagella (18) . Attachment of dynein arms to the microtubule templates requires the dynein docking complex, first described in Chlamydomonas. In the green algae, at least three proteins-DC1/ODA3, DC2/ ODA1 and DC3/ODA14-were identified as components of the outer dynein arm-docking complex that interact with both tubulin and dynein arms (19) (20) (21) (22) . In humans, mutations in the ODA1/DC2 component CCDC114 lead to PCD (11, 12) . Several other proteins are required for the recruitment of dynein arms to the axonemes, such as the ODA5/ODA8/ODA10 complex identified in Chlamydomonas (23) . In addition, two coiled-coil proteins-CCDC39 and CCDC40-emerged from studies of PCD patients, dog and zebrafish mutants (8, 9) . These proteins function in the assembly of IDA. Recently, mutations in the gene encoding CCDC103 were found in PCD patients and this protein was shown to be tightly bound to the axoneme and required for IDA and outer dynein arms attachment (6) . Finally, CCDC164, identified in Chlamydomonas and humans as a component of the dynein regulatory complex (DRC, or nexin link), is also involved in PCD (24) .
Despite this growing number of data on actors of cilia motility, several aspects of the dynein assembly pathway are not understood. Evidence suggests the existence of still unidentified IFT cargoes required to transport dynein arms or components of the DRCs into the axoneme (16) . The specificity and coordination of the outer dynein arm versus IDA transport constitute another important and unresolved issue. In non-motile cilia, adapters seem to exist to couple specific ciliary cargoes to IFT, thus playing an important role in the regulation of cilium length and ciliary signal transduction (reviewed in 25, 26) .
We show here that CCDC151, initially identified as a target gene of the ciliogenic transcription factor RFX in Drosophila (27) , is an evolutionarily conserved protein that is specific to species with motile cilia. CCDC151 shares ancestral features with ODA1/DC2 from Chlamydomonas and with several members of the ODA1 family of proteins in mammals that includes CCDC114 and CCDC63 in mice and humans. In Drosophila, we show that CG14127/CCDC151 is specifically associated with motile IFT-dependent sensory cilia but not with flagellar axonemes that do not require IFT for their assembly (28 -30) . This suggests that CCDC151 is not a structural component of the motile axoneme in Drosophila. In zebrafish, we show that ccdc151 is strongly expressed in motile ciliated tissues, where it is required for dynein arm assembly and for the transport of the docking complex CCDC114. These results identify CCDC151 as a novel regulator of motile cilia function. In addition, we show that the function of CCDC151 is not restricted to cilia motility. Indeed, we demonstrate in zebrafish that ccdc151 is also involved in the control of cell division orientations and functionally interacts with the planar cell polarity (PCP) pathway component prickle1 in this process. Moreover, knockdown of Ccdc151 in IMCD3 mouse cells results in a deregulated ciliary length. These results prompt us to propose that CCDC151 has a more general function related to IFTdependent transport of ciliary components.
RESULTS

CCDC151 is evolutionarily conserved in motile ciliated species
We previously identified CG14127 as an X-Box-containing gene in Drosophila, suggesting a potential ciliary function (27) . CG14127 and CCDC151 orthologs in vertebrates belong to a coiled-coil family of proteins related to ODA1/DC2, a docking complex protein (5, 11, 12, 20) , and ODA5 (23), both involved in the assembly of outer dynein arms in Chlamydomonas. Two subgroups can be distinguished in the family (Fig. 1A) : (i) the first one includes CG14127 and its CCDC151 orthologs in vertebrates and CCDC151 paralogs (KIAA1984) in mammals; (ii) the second one contains two Drosophila genes: CG14905 and CG17083 and their orthologs in mammals, CCDC63 and CCDC114, the latter being involved in dynein arm assembly in humans (11, 12) . Only one ortholog, Ccdc114, is present in zebrafish. Even though these two subgroups share ancient features with Chlamydomonas ODA1 or ODA5, the best reciprocal hit of ODA1 or ODA5 in Drosophila is CG14905 from the second subgroup and not CG14127 from the CCDC151 subgroup. Both subgroups have likely evolved separately. Whereas observations in humans show that CCDC114 has conserved a function in docking dynein arms to the axoneme, no functional data exist for the CCDC151 subgroup.
We examined the conserved domains of CCDC151 proteins from humans, mice, zebrafish and Drosophila by alignments of the protein sequences (Supplementary Material, Fig. S1 ) and determined the position of the conserved coiled-coil domains (Fig. 1B) . Next, we searched for CCDC151 occurrence in various ciliated species and found potential orthologs only in species with motile cilia (Fig. 1C) . For example, no ortholog could be identified in Caenorhabditis elegans, which lacks motile cilia, whereas members of the ODA1 family were identified in various ciliated protozoa species such as Tetrahymena thermophila (Fig. 1A and C) . No ortholog was found in Plasmodium falciparum, in which motile flagella assembly takes place inside the cytoplasm and hence does not rely on IFT (31) . All these observations suggest that CCDC151 may play an important function in motile cilia that rely on IFT for their assembly.
CCDC151 is associated with motile IFT-dependent cilia in animals
To address the function of Ccdc151, we first characterized its expression profile and subcellular distribution in several model organisms. In mice, Ccdc151 expression is strongly induced during in vitro differentiation of motile cilia of ependymal cells ( Fig. 2A) . Ccdc151 expression was down-regulated in ependymal cells obtained from Rfx32/2 mice (not shown) (32, 33) . We designed an antibody directed against the mouse CCDC151 protein (Antibody 1, see Materials and Methods and Supplementary Material, Fig .S2 ). In mouse ependymal primary cell culture, CCDC151 is associated with motile cilia (Fig. 2B) . Identical results were obtained with a commercial antibody directed against the human CCDC151 protein that cross-reacts with the mouse CCDC151 protein (Antibody 2, Supplementary Material, Fig. S2 ; not shown). Next, we constructed transgenic Drosophila expressing a GFP-tagged version of CG14127/CCDC151 under the regulation of its own promoter (see Materials and Methods). In Drosophila embryos, we observed CG14127-GFP only in ciliated sensory neurons of the peripheral nervous system (PNS) (Fig. 2C ). In addition, GFP expression was restricted to a subset of the ciliated neurons, namely the chordotonal neurons, the only neurons with motile 9 + 0 cilia in Drosophila (28, 34, 35) . In these cells, CG14127-GFP was found in the cell body and associated with the ciliary rootlet inside the dendrite and present within the ciliary ending at the tip of the dendrite (Fig. 2C) . Importantly, there was no apparent expression of CG14127-GFP in external sensory neurons that have non-motile ciliated endings. Moreover, GFP labeling was absent within motile flagella of spermatozoids. In Drosophila, unlike other species, sperm flagellum assembly does not require IFT, whereas sensory cilia do (29, 30) . Therefore, CG14127/CCDC151 protein expression is restricted to motile cilia that require IFT for their assembly in Drosophila.
In zebrafish, we analyzed the expression profile of ccdc151 during embryonic and larval development. By RT -PCR Figure 1 . CCDC151 family members share conserved evolutionary features with ODA1. (A) Phylogenetic analysis of the proteins related to Chlamydomonas ODA1 in Drosophila, zebrafish, mouse, humans, Trypanosoma brucei and L. donovani. Two main branches can be distinguished. The CCDC151 subgroup presents only one ortholog in Drosophila (Dm, CG14127, NP_648520) and zebrafish (Dr, CCDC151, NP_001070837) and two paralogs in mice (Mm, CCDC151, NP_084215 and KIAA1984, NP_084135) and humans (Hs, CCDC151, NP_659482 and KIAA1984, NP_001034463). The second subgroup includes several members in animals including two members in Drosophila (CG14905, NP_650569 and CG17083, NP_651139), one member in the zebrafish (LOC492767, NP_001007409) and two members in mouse (CCDC63, NP_899130 and CCDC114, NP_001028415) and humans (CCDC63, NP_689804 and CCDC114, NP_653178). Tt, T. thermophila (ODA1, XP_001011849); Cr, Chlamydomonas reinhardtii (ODA1, XP_001701436; ODA5, AAS10183); Tb, T. brucei (XP829666); Li, L. donovani (ODA, ACT22628). (B) Position of the coiled-coil domains (gray) in Drosophila, zebrafish, mouse and human proteins. (C) Occurrence of CCDC151 proteins in the eukaryotic kingdom. No CCDC151 orthologs can be found in species with no cilia or non-motile cilia. Reciprocal Best Hits in PSI-Blast run 2 with human CCDC151 as input sequence are noted as gray circles. When no Reciprocal Best Hit was obtained by PSI-Blast run 2, hemi-gray circles were attributed. Danio rerio: Ccdc151 (e-value ¼ 0); Drosophila melanogaster: CG14127 (e-value ¼ 2e 2 91); C. reinhardtii: ODA1 (e-value ¼ 6e 2 30); Toxoplasma gondii: TGME49_082030 (e-value ¼ 6e 2 77); T. thermophila: TTHERM_00187170 (e-value ¼ 3e 2 69); Phytophthora infestans: XP_002898111 (e-value ¼ 7e 2 82); T. brucei: XP_847271 (e-value ¼ 2e 2 19); Giardia intestinalis: GL50581_118 (e-value ¼ 1e 2 35); Thalassiosira pseudomona: XP_002289840 (e-value ¼ 6e 2 76).
amplification, we first detected ccdc151 mRNAs as early as 2 h post-fertilization (2 h.p.f.), suggesting a maternal expression of this gene. However, strong expression of ccdc151 mRNAs started after 6 h.p.f., when zygotic transcription has already been turned on. Levels of ccdc151 expression increased till 24 h.p.f., the last stage analyzed by this approach (Fig. 2D) . By in situ hybridization, we first detected ccdc151 mRNAs in Kupffer's vesicle (KV) (Fig. 2E, upper panel) . ccdc151 mRNAs were later observed in several structures harboring motile cilia, among which are the pronephros (pn), the floor plate (fp) of the neural tube and the otic vesicles (ov) (Fig. 2E, upper panel) . Expression in these structures was maintained at later developmental stages, and ccdc151 mRNAs could also be detected in the olfactory pit (op) and cerebral ventricles (ve), which all present motile cilia (Fig. 2E, lower panel) . To examine Ccdc151 subcellular distribution in the zebrafish, we injected cherry-tagged ccdc151 mRNAs. Ccdc151-Cherry was found to be associated with the axoneme of motile cilia in the pronephros (Fig. 2F) . Altogether, these results suggest that, like in mice and Drosophila, Ccdc151 is associated with motile cilia in zebrafish. 
CG14127/CCDC151-depleted Drosophila show defective coordination and geotaxis behaviors
In Drosophila, we investigated the function of CG14127 by driving expression of shRNAs in chordotonal neurons of the PNS by using the UAS-GAL4 system. Chordotonal neurons are required for coordinated movement, geotaxis and hearing in Drosophila (36, 37) . Defects in chordotonal neuron function can be assessed by a simple geotaxis behavioral test called bang assay. Flies are tapped to the bottom of a test tube and recorded for 1 min after the bang. The percentage of flies that are able to climb above 10 cm during this first minute is quantified (Fig. 3A) . One hundred percent of control flies with the sca-Gal4 driver only (expressing Gal4 in all PNS neurons) showed negative geotaxis and moved quickly upward in the test tube (Fig. 3B ). No significant difference could be observed between these control flies and flies heterozygous for a complete deletion of CG14127 (Df(3L)Exel6115). In contrast, flies harboring an shRNA transgene targeting CG14127 were less prone to climb on vertical surfaces and the phenotype was significantly more severe in the presence of the sca-Gal4 driver. The severity of the phenotype in flies heterozygous for a complete deletion of CG14127 (Df(3L)Exel6115) and expressing the shRNA was similar to the one exhibited by flies which only express the shRNA, demonstrating that shRNA silencing was very efficient. These results show that CG14127 is required for proper function of chordotonal neurons in Drosophila adults.
Ccdc151-depleted zebrafish show left -right asymmetry defects and kidney cysts
To gain insights into ccdc151 function in vertebrates, we performed a morpholino (Mo) knockdown approach in zebrafish. We designed two Mos targeted to the translation start site or the second exon-splicing site of the ccdc151 transcript (38) (39) (40) . Forty-two percent of Ccdc151-depleted embryos present a reverted cardiac rotation and 24% had no cardiac rotation as visualized by cmlc2 in situ hybridization (Fig. 4B) , demonstrating that Ccdc151 is required for leftright asymmetry specification. This phenotype was confirmed by aberrant southpaw (spaw) expression at early stages of left -right embryonic patterning (Fig. 4C) . When targeting the Mos specifically into the dorsal forerunner cells (DFC), the precursors of the KV (41-43), we observed an identical phenotype (Fig. 4D) , showing that Ccdc151 is required in the KV cells for proper left -right asymmetry specification.
We also observed pronephros dilation and small kidney cysts in 33% of Mo-injected embryos (n ¼ 216) that were never seen in control embryos (n ¼ 180) (Fig. 4E and F) and rescued by the injection of full-length ccdc151 mRNAs (11% of embryos with kidney cysts, n ¼ 208). However, even the highest doses of injected Mos did not provoke large kidney cysts. We observed hydrocephalus sporadically (1%, Supplementary Material, Fig. S4 ). We did not observe obvious defects of the otholiths (not shown), nor of the otic kinocilia (Supplementary Material, Fig. S5 ), even though ccdc151 mRNAs are present in the otic vesicle ( Fig. 2) and that Ccdc151-Cherry can be found in cilia of the otic vesicle (Supplementary Material, Fig. S5 ).
Altogether, these macroscopic observations show that Ccdc151 plays a critical function in both the KV and the pronephros. The percentage of flies that climb .10 cm are scored during 1 min after taping the test tube. Flies carrying scabrous-Gal4 (sca-Gal4) driver and UAS-shRNA targeting CG14127 show a reduced score compared with flies carrying only the sca-Gal4 driver. No significant differences were observed with the deletion Df(3L)Exel6115. All flies carry Dicer-2 on the X chromosome. Two-tailed paired Student's t-test analysis was performed to evaluate significant variations.
* P , 0.05, * * P , 0.01, * * * P , 0.001.
Ccdc151 is required for efficient cilia motility in the zebrafish
To understand the function of Ccdc151, we analyzed the number, distribution and length of cilia in the KV and the pronephros by immunostaining in control and morphant embryos. Cilia length was similar in the presence or in the absence of Ccdc151 (Fig. 5A and C) . However, morphants exhibit morphogenesis defects with an enlarged KV with more monociliated cells compared with control embryos (Fig. 5A and B) .
To assess cilia motility in the KV, we performed live imaging of the fluid flow. Control KV produced an efficient leftward flow, which is visualized by the movement of particles within the vesicle. In contrast, no flow was observed in the morphant KVs and most particles remained immotile (Fig. 5D , Supplementary Material, Movies S1 and S2). We can thus conclude that beating of the cilia is either absent or not efficient. We performed high-speed video recording of pronephros cilia in morphant versus control embryos at later stages and observed a reproducible difference in the beating frequencies of motile cilia (Fig. 5E , Supplementary Material, Movies S3 and S4). Altogether, Ccdc151 is required for efficient motility of cilia in the KV and the pronephros in zebrafish.
Ccdc151 is required for proper assembly of dynein arms in the pronephros
To gain insights into the molecular mechanisms that underlie the motility defects, we analyzed the ultrastructure of pronephric cilia from ccdc151 morphants. We observed reproducible defects in the number of axonemal dynein arms. This was clearly visualized at the level of the outer dynein arms (Fig. 5F, arrowheads) . We also observed a reduced number of IDAs in all embryos analyzed (Fig. 5F , arrows) that was not quantified because of the difficulty to detect IDAs. Because CG14127/CCDC151 is not a structural component of the Drosophila sperm flagella, we hypothesize that it could directly or indirectly be involved in the transport of motile cilia components to the axoneme. We looked for the distribution of Ccdc114, a component of the outer dynein arm-docking complex required for dynein arm attachment onto the axoneme (Fig. 1A) (11,12) . We injected gfp-tagged ccdc114 mRNAs in zebrafish together or not with ccdc151 Mos. Ccdc114-GFP Particle movements were tracked in live control and ccdc151 morphants at five-to six-somite stages. A counterclockwise circular movement is observed in control KV but no particle movement is observed in the KV of ccdc151 morphants (control: n ¼ 6, ccdc151 Mo: n ¼ 7). (E) Line scan analysis of cilia beating movement in control and ccdc151 morphants at 2.5 d.p.f. The graph indicates the average beating frequency in control and morphants. (F) Cross-sections of pronephros motile cilia in control or ccdc151 morphants. In ccdc151 morphants, axonemes do not assemble a full complement of IDA and outer dynein arms (arrows and arrowheads) (control: n ¼ 40 cilia from 5 embryos, ccdc151 Mo: n ¼ 45 cilia from 9 embryos). (G) Ccdc114-GFP (green) localizes in motile cilia of the pronephros in control embryos, whereas in ccdc151 morphants this localization is lost. Cilia are labeled with anti-Acetylated Tubulin (red). (B and E) Two-tailed paired Student's t-test analysis was performed to evaluate significant variations relative to control.
* P , 0.05, * * P , 0.01, * * * P , 0.001. Bars: (A, C and G) 10 mm, (F) 100 nm.
localized mainly within the axoneme of motile cilia in the pronephros of control embryos. However, in ccdc151 morphants, the amount of Ccdc114-GFP was strongly reduced (Fig. 5G) . Hence, these observations show that Ccdc114 accumulation inside cilia relies on Ccdc151. Altogether, these observations support the requirement of Ccdc151 for targeting dynein arms and the dynein arm-docking complex to the axoneme.
CCDC151 proteins show cellular functions not associated with motile cilia in vertebrates
In zebrafish, ccdc151 is expressed at stages preceding motile cilia appearance (Fig. 2D) . In addition, Ccdc151-Cherry was also found to be associated with basal bodies in zebrafish embryos, as clearly visualized in the floor plate (Fig. 6A) .
In agreement with these observations, we detected several phenotypes in ccdc151 zebrafish morphants that cannot be explained by cilia motility defects. In floor plate cells, where ccdc151 is strongly expressed, basal bodies were mislocalized in the morphants compared with controls ( Fig. 6B and C) . In control embryos, basal bodies were found mostly at the posterior side of the cells, whereas in the morphants, basal bodies were sometimes observed in the center or anterior part of the cell (Fig. 6B and C, white arrowheads) .
The mislocalization of basal bodies observed in Ccdc151-depleted embryos could reflect either a primary function of Ccdc151 in cell polarity or a secondary cell polarity defect due to improper ciliary beating. However, we also observed altered orientation of cell divisions in the pronephros of ccdc151 morphants compared with control ( Fig. 6D and E) . Such cell division orientation defects have been described for PCP components and in particular for prickle1, known also to genetically interact with IFT components (44, 45) . Hence, we investigated whether ccdc151 could functionally interact with prickle1 in zebrafish. When co-injecting suboptimal doses of Mos against prickle1 and ccdc151, we indeed observed synergistic effects as shown by the increase in the number of cysts in the pronephros, compared with the absence or weak effects of each individual Mo (Fig. 6F) . As we also observed a synergistic interaction on the orientation of cell divisions that cannot solely be explained by combined effect on cilia motility (Fig. 6G ), these observations show that ccdc151 function is not restricted to cilia motility in the zebrafish. Thus, Ccdc151 plays also a role in the acquisition or maintenance of several aspects of cell polarity such as basal body positioning and mitotic spindle orientation.
CCDC151 was also found to be associated with mouse nonmotile cilia. In IMCD3 cells serum-starved to induce primary cilia growth, we observed CCDC151 localization in primary cilia (Fig. 7A) . In dividing IMCD3 cells, CCDC151 was enriched at the centrioles as observed using two different specific antibodies ( Fig. 7B1-2) . By methanol fixation, CCDC151 was also observed at basal bodies of serum-starved IMCD3 (Fig. 7B3) . We investigated the function of CCDC151 in mouse primary ciliated cells by siRNA transfection. Knockdown of Ccdc151 using siRNA #1 in IMCD3 cells that efficiently reduced Ccdc151 expression (Supplementary Material, Fig. S6 ) leads to the formation of longer primary cilia compared with cells transfected with a control siRNA after 24 h of serum starvation (Fig. 7C and D) . The same results were obtained using siRNA #2 (data not shown). Altogether these observations indicate that CCDC151 has a general function in cilia biogenesis in mammalian cells.
DISCUSSION
We have characterized the functions of CCDC151, a target of the RFX ciliogenic transcription factors. Our evolutionary analysis identified CCDC151-encoding gene only in species with IFTdependent motile cilia. We performed loss-of-function experiments, which demonstrate that CCDC151 is required for the function of motile cilia, as revealed by geotaxis behavioral defects in Drosophila adults, on the one hand, and left -right asymmetry defects and kidney cysts in zebrafish embryos, on the other hand. In addition, we show that CCDC151 controls dynein arm assembly and regulates the amount of the dynein arm-docking component CCDC114. Furthermore, several of our observations in zebrafish and in mouse cell culture suggest additional cellular functions for CCDC151. Strikingly, ccdc151 is required in the pronephros to control the orientation of cell division and interacts with prickle1 in this process. In mammalian cells, CCDC151 is required for cilia length control.
CCDC151 is a functional component of IFT-dependent motile cilia
The homology between CCDC151 and ODA1 and ODA5 in Chlamydomonas suggests a function as a structural component of the outer dynein arm-docking complex (20, 23) . However, evolutionary comparisons and analysis of its expression in animals show that CCDC151 is likely not a structural component of the axoneme, the dynein arms or dynein docking complexes. Indeed, CCDC151 cannot be considered as the true ortholog of the Chlamydomonas proteins because several other proteins related to ODA1 or ODA5 can be found in vertebrates and flies. In particular, in Drosophila, the best reciprocal hit of ODA1 or ODA5 is CG14905 and not CG14127/CCDC151. Besides, unlike CG14127/CCDC151, CG14905 is highly expressed in the testis (46) , suggesting a structural role in dynein arm assembly in Drosophila. This idea is supported by recent studies demonstrating that Ccdc114 deficiency in humans causes a complete absence of ciliary ODAs resulting in immotile cilia (11, 12) . CCDC114 and its paralog CCDC63 are found to be, by best reciprocal hit analysis, the true orthologs of ODA1/DC2. One of the two studies in human patients suggests that they play a redundant function in the testis. It is thus tempting to consider that the CG14905/ CCDC114 and CCDC63 subgroup of this family of proteins has conserved a motile function as an associated component of the axoneme, whereas CG14127/CCDC151 has evolved toward a function in IFT-dependent transport of motile components of the axoneme. In support of this hypothesis, we found that the localization of Ccdc114 in zebrafish motile pronephric cilia is strongly reduced in ccdc151 morphants (Fig. 5G) , thereby showing that CCDC151 is required for ciliary localization of CCDC114. Moreover, CCDC151 distribution in fly chordotonal neurons is not restricted to the proximal part of the ciliary endings where dynein arms are located (35) , but is also found in the ciliary dilation and distal part of the cilia along the ciliary rootlet, like IFT components. It is also interesting to note that several components required for cilia motility that play a structural function at the level of the axoneme and that are conserved in Drosophila are expressed in the testis, whereas proteins required for IFT-associated transport of motile components of the dynein arms are not. For example, dynein arm components and DRC proteins (gas8, CG14271; FlyBase) are expressed in the testis, whereas IFT46/CG15161 or WDR69/CG7568 are not [(17,18) , FlyBase]. Furthermore, no CCDC151 protein is found in P. falciparum, whose motile flagella are assembled in an IFT-independent mode (31). Last, no CCDC151 ortholog is found in the microalgae Ostreococcus that have no flagella and no IFT but have retained some IDA components, suggesting that CCDC151 is not required for dynein function per se. However, we cannot exclude that CCDC151 has evolved differently in each animal species where it may play very different functions.
Relationships between CCDC151 and other components of the axonemal dynein assembly pathway
Our work suggests that CCDC151 is a novel factor involved in both IDA and outer dynein arm assembly. Several proteins are required for axonemal dynein assembly in different organisms. However, it is not clear how these proteins work together and what are their hierarchical relationships. None of the characterized genes involved in the dynein assembly pathway share functional or evolutionary features with CCDC151. For instance, we show that CCDC151 is associated with motile cilia that require only IFT for their assembly. Drosophila is particularly helpful to discriminate between both types of motile cilia, as chordotonal neurons have IFT-dependent motile cilia (35) , whereas sperm flagella assembly is IFT independent (29, 30) . Among the proteins that play a role both in the outer dynein arm and IDA assembly in vertebrates, all show unique orthologs in Drosophila, which are strongly expressed in the testis, suggesting an IFT-independent function for these genes. Therefore, DNAAF1/ODA7/LRRC50, DNAAF2/KTU/PF13, CCDC103 and LRRC6, which are required for both IDA and outer dynein arm assembly in humans or fish (6, 7, 14, 15, 40, (47) (48) (49) , have unique orthologs in Drosophila (CG1553/Nop17l, CG31623, CG13202 and TilB, respectively) that are strongly expressed in the testis (FlyBase). Like the human ortholog, TilB/LRRC6 is required for the outer and inner axonemal dynein arm assembly in Drosophila sensory cilia and is also required for spermatozoid flagella motility in Drosophila (35) . Among the other proteins that have been shown to play a more specific role in either IDA or outer dynein arm assembly, none appear to be restricted to IFT-dependent cilia because their Drosophila orthologs are also strongly expressed in the Drosophila The graph indicates the mean ciliary length observed in siRNA scr and siRNA Ccdc151 #1 (two experiments, siRNA scr n ¼ 54 cilia, siRNA Ccdc151 #1 n ¼ 56 cilia). Two-tailed paired Student's t-test analysis was performed to evaluate significant variations relative to indicated condition, * P , 0.05, * * P , 0.01, * * * P , 0.001. Scale bars: (A-C) 5 mm (C enlarged insets) 2.5 mm.
testis, unlike CCDC151. This is true for DNAAF3, CCDC39, CCDC40 and CCDC114 (8, 9, 11, 12) , whose unique orthologs in Drosophila (DNAAF3/CG17669, CCDC39/CG17387 and CCDC40/CG41265, CCDC114/CG14905) are also strongly expressed in the testis. Therefore, the only yet described component to be involved in dynein arm assembly and that is apparently not expressed in the Drosophila testis is ODA16/WDR69, which is required for IFT-dependent transport of axonemal dyneins from Chlamydomonas to zebrafish (16, 23, 50) . These observations show that CCDC151 has evolved like IFT-associated proteins but not like other proteins described to be required for dynein assembly in animals. Hence, these observations reinforce the hypothesis that CCDC151 plays an IFT-associated function required for dynein arm assembly that is different from the function of the other proteins that have been described to date.
In vertebrates, CCDC151 proteins present cellular functions not associated with motile cilia
Our study strongly suggests that CCDC151 proteins have functions in vertebrates that are not restricted to dynein arm assembly. Indeed, in IMCD3 mouse cell cultures, CCDC151 is associated with primary cilia and basal bodies but also with the spindle poles. Knockdown experiments using siRNA against Ccdc151 lead to the formation of longer cilia. Furthermore, in zebrafish, depletion of Ccdc151 leads to cell division orientation defects in the pronephros. ccdc151 functionally interacts with prickle1 in this orientation of cell divisions, suggesting that ccdc151 plays roles that are not directly related to dynein arm assembly. In Leishmania donovani, the sole CCDC151 family member is involved not only in the control of flagellar motility but also in the control of flagellar length (51) . This is coherent with our observation that CCDC151 is required for primary cilia length control in IMCD3 cells. Altogether, CCDC151 is associated with processes that are not only linked to cilia motility but related to more general functions in cilia assembly or cell processes such as orientation of cell divisions, which have also been shown to be controlled by IFT proteins (45, 52) . Based on these observations, we hypothesize that CCDC151 could behave as a bridge, linking IFT proteins to specific cargoes such as dynein arms but also to other cargoes that are required during cell division or in cilia assembly. Such complex interactions between IFT proteins, specific cargoes and, for example, transition zone-associated proteins or dynein arm components have already been described (18, 53, 54) .
In conclusion, our work identifies CCDC151 as a novel protein required for the assembly of motile cilia in vertebrates. CCDC151 represents a novel candidate gene in which mutations could lead to PCD. Because ccdc151 also interacts with prickle1 during cell division, it could also be involved in other primary cilia-associated syndromes where impaired PCP has been implicated in some of the physio-pathological outcomes.
MATERIALS AND METHODS
Zebrafish maintenance
General maintenance, collection and staging of zebrafish were carried out at the PRECI zebrafish facility of IFR 128, Biosciences-Gerland (Lyon, France). The developmental stages are given in hour post-fertilization (h.p.f.) and day postfertilization (d.p.f.) according to morphological criteria. For somite-stage embryos, the number of somites was used (55) . Embryos were kept at 28.58C in 1× Danieau solution (58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO 4 , 0.6 mM Ca(NO 3 ) 2 , 5 mM Hepes, pH 7.6) in compliance with French Government guidelines. If necessary, 1-phenyl-2-thiourea (Sigma) was added in medium to avoid pigmentation.
Drosophila stocks
Flies were cultured in standard condition at 258C. The following fly strain was constructed in the laboratory: w, P{CG141 27::GFP}
M5
, the transgene was inserted on the X chromosome. w1118;Df(3L)Exel6115, P{XP-U}Exel6115/TM6B, Tb1 were obtained from the Bloomington Stock Center. ShRNA expressing strain targeting CG14127 (KK106258) was obtained from the Vienna Drosophila RNAi Center.
Bang assay
The climbing test was performed on 3-5-day-old male flies at identical time point each day. Ten flies were placed in a graduated vial and banged on the table at t ¼ 0. Flies were recorded for 1 min after the bang. The movies were analyzed using QuickTime Player (Apple). Each fly climbing .10 cm was scored as positive. Three different batches of 10 flies were analyzed for each genotype. Each batch was successively tested five times and the results were averaged.
Plasmid constructs
All primers are described in Supplementary Material, Table S1 . Drosophila CG14127 reporter construct A pJT12 reporter vector was constructed as follows. P5
′ from pW8 was inserted within the NaeI and KpnI site of pBSK. A cassette containing both an EGFP-Flag coding sequence (from pEGFP-Flag, kindly provided by S. Treves) and P3
′ from pW8 was then inserted in the previous construct within the ClaI (Blunt Ended) and KpnI sites. A 2668 bp fragment including CG14127 coding sequence and upstream regulatory sequence was amplified by PCR on wild-type Drosophila genomic DNA using CG14127-pro5/KpnI and CG14127-pro3/NheI primers. The resulting PCR fragment was cloned into the KpnI and NheI sites of the pJT12 plasmid. The transgenic strain was obtained by P-element-mediated insertion.
pCS2-Ccdc151
The complete zebrafish ccdc151 coding sequence was obtained by RT -PCR with F1 and R2 primers. The resulting PCR product was cloned into the EcoRI and XbaI sites of the pCS2+ vector. The ccdc151 sequence was verified by sequencing.
Ccdc151-cherry
The complete zebrafish ccdc151 coding sequence was obtained by PCR on pCS2-Ccdc151 with F1 and R3 primers. The resulting PCR product was cloned into the EcoRI and AgeI sites of the pCS-mCherry vector in frame with the cherry sequence (a gift
from Dr S. Megason). The ccdc151 sequence was verified by sequencing.
pBSK-Ccdc151
For in situ experiments, the first 871 bp of the zebrafish ccdc151 coding sequence were amplified with F4 and R5 primers. The PCR product was cloned into the EcoRI and XbaI sites of pBSK.
Ccdc114-GFP
The complete zebrafish ccdc114 coding sequence was obtained by RT -PCR with F8 and R9 primers. The resulting PCR product was cloned into the Spe1 and SnaBI sites of the pCS2+ GFP vector in frame with the gfp sequence (a gift from Dr B. Ciruna). The ccdc114 sequence was verified by sequencing.
mCCDC151-GFP
The complete mouse Ccdc151 coding sequence was obtained by RT -PCR with F10 and R11 primers. The resulting PCR product was cloned into the HindIII and BamH1 sites of pEGFP-N1 (Clontech) in frame with the gfp sequence. The Ccdc151 sequence was verified by sequencing.
mCCDC151-MYC
The 6xMyc Tag cassette of 263 bp was obtained after PvuI and EcoRI digestion of pCS2+ nlsMT (a gift from Dr R. Rupp). The blunt-ended fragment was cloned in replacement of the GFP cassette from pEGFP-N1 to produce pJTm13. The mouse Ccdc151 coding sequence was obtained after HindIII and BamHI digestion of the mCCDC151-GFP vector and cloned in the same restriction sites of pJTm13 in frame with the 6xMyc Tag cassette.
RT -PCR analysis
Total RNA of zebrafish embryos was extracted using the Nucleospin Extract II Kit (Macherey-Nagel). cDNA was obtained using 1 or 0.5 mg of DNAse-treated RNA, 200 ng of random primers (Promega) and 200 U of RevertAid H minus M-MuLV reverse transcription (Thermo Fisher Scientific) in a final volume of 40 or 50 ml. Two or 4 ml of cDNA was used for PCR reactions. Primers F12 and R13 were used for ccdc151 amplification and primers F-actin and R-actin for actin beta 2 amplification. PCR analyses on three independent RT were performed and quantifications were done using the Molecular Imager GelDoc XR system and the Quantity One software (Bio-Rad).
Real-time RT -PCR
Real-time RT -PCR was performed as described previously (33) . The expression of Ccdc151 (F-mCcdc and R-mCcdc primers) was normalized using the housekeeping gene Tbp (TATA binding protein) (56) (F-TBP and R-TBP primers).
Mos and mRNA injection
Mos against ccdc151 were designed to target either the translation site of the mRNA (AUG) or the splice-donor site of the second coding exon and obtained from GENE TOOLS, LLC, Philomath. The following Mos were used: Mo-ccdc151AUG Fig. S3 ). For functional interaction studies, we used previously described Mos targeting prickle1 (57). For rescue experiments, the pCS2-Ccdc151 plasmid was linearized and capped mRNAs were transcribed from this template using the mMessage Machine Kit (Ambion).
Mos and purified mRNAs were diluted in 1× Danieau solution containing 0.1% phenol red (Sigma). Four nanograms of Mo-ccdc151Ex were injected at one-cell-stage embryos in a total volume of 500 pl using a micro-injector. For rescue experiments, 4 ng of Mo-ccdc151Ex and 80 pg of zebrafish ccdc151 mRNAs were co-injected. For functional interaction, 3 ng of Mo-ccdc151Ex and 0.65 ng of Mo-prickle1 were co-injected. For DFC injections, fluorescein-labeled Mo-ccdc151Ex was injected into the yolk of 512-cell-stage embryos as previously described (58) . For localization, 20 pg of ccdc151-cherry and 20 pg of ccdc114-gfp + 4 ng of Mo-ccdc151Ex were injected.
Antibodies
The following primary antibodies and dilutions were used: Acetylated Tubulin 6-11B-1 (Sigma, 1/500), NaK/ATPase a6F (DSHB, 1/500), Gamma Tubulin GTU88 (Sigma, 1/ 1000), phalloidin rhodamin (Interchim, 1/200), ZO1 (Zymed, 1/25), Alpha Tubulin (Sigma, 1 /500), Phosphohistone H3 (Santa cruz, 1/750), Dsred living colors (Clonetech, 1/500), Alpha Glu Tubulin (1D5-Synaptic systems, 1/100), GFP (Molecular Probes, 1/500), anti-Futch 22C10 (a gift from Dr S. Benzer, 1/500), Human CCDC151 (Abnova 1/200). Secondary antibodies were from Molecular Probes/Invitrogen TM / Life Technologies for immunofuorescence analysis. For western blot analysis, the following antibodies were used: goat anti-guinea pig-HRP (Jackson 1/10 000), goat anti-rabbit-HRP and goat anti-mouse-HRP (Bio-Rad, 1/3000).
Generation of antibodies against mouse CCDC151
The first 300 bp of the mouse Ccdc151 coding sequence were amplified and cloned in frame with the 6xHis tag in the pSTABY-1 expression vector (Delphi Genetics). The production of the 6xHis tagged protein was performed according to the manufacturer's protocol (Delphi Genetics) and purified using Protino Ni-TED/IDA Combi sample (Macherey-Nagel). Immunization of guinea pigs with the purified protein was performed by Eurogentec.
Immunoblotting
Whole-cell extracts were prepared from COS7 cells that have been transiently transfected with mCCDC151-GFP or mCC DC151-MYC plasmids. Proteins were analyzed by SDS-PAGE and immunoblot analysis according to standard protocols with Antibody 1 (1/200), Antibody 2 (1/200, Sigma) and anti-GFP (1/1000, Roche). Appropriate HRP-conjugated secondary antibodies were used for detection by chemiluminescence using the Immun-Star WesternC Kit from Bio-Rad.
Whole-mount in situ hybridization
Whole-mount in situ hybridizations were carried out as described previously (59) . RNA probes were synthetized using a Digoxigenin RNA Labeling Kit (Roche) according to the manufacturer's instruction. A sense RNA probe complementary to the specific zebrafish ccdc151 probe was prepared as negative control. The stained embryos were fixed and photographed with a Leica 425C camera.
Cell culture
Mouse primary ependymal cell cultures were derived from mouse newborn brains (OF1 strain), as previously described (33) . IMCD3 cells (a gift from A. Benmerah, Institut Cochin, Paris, France) were cultured in DMEM/HAM'S F12 medium containing 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin and 1× non-essential amino acids. COS7 cells were cultured in DMEM medium containing 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin (reagents from GE Healthcare).
Transfection and siRNA
For plasmid transfection, cells at 80 -90% confluency were transfected with Lipofectamine 2000 according to the manufacturer's instructions. For RNAi knockdown, individual siRNA from Sigma (siRNA Ccdc151 #1) and siGENOME SMARTpool siRNA containing four different duplexes from Dharmacon (siRNA Ccdc151 #2) were designed against mouse Ccdc151 sequence using their custom services. Antisense sequences were as follows:
siRNA Ccdc151 #1: 5 ′ -ACUACCAGCAGAUUGUAAG-3 ′ ; siRNA Ccdc151 #2: 5 ′ -UCCAUUGGGAGCUCUCAUA, 5
′ -UAAUGCUCGCUUCUUGC-3 ′ , 5 ′ -AUCAUUGUGACG CUGCUCC-3 ′ , 5 ′ -UAAGCGUAGUCCUCUGAGU-3 ′ . siGENOME Non-Targeting siRNA #2 (Dharmacon) was used as a negative control. For immunofluorescence experiments, 40 000 IMCD3 cells in 24 wells plate were transfected twice with each siRNA at J0 with 25 pmol and at J2 with 37.5 pmol using Lipofectamine 2000. Cells were serum-deprived 24 h before analysis at 96 h. For real-time RT -PCR analysis, 60 000 IMCD3 cells in 12 wells plate were transfected twice with each siRNA at J0 with 50 pmol and at J2 with 50 pmol using Lipofectamine 2000. RNA was extracted after 24 h serum deprivation at 96 h.
Immunohistochemistry
For immunostaining analysis, staged Drosophila embryos were treated as described previously (60) .
Cells for immunofluorescence microscopy were grown, fixed and stained as described previously (33) . Early zebrafish embryos (before 24 h.p.f.) were fixed 4 h in PFA 4%, washed in PBS 1× -0.3% Triton X-100 and blocked 1 h at room temperature in blocking buffer (1% BSA, 1% DMSO, 2% NGS, 0.3% Triton X-100, PBS 1×, pH7.4). Primary antibodies were incubated in blocking buffer overnight at 48C. After washes in PBS 1× -0.3% Triton X-100, embryos were incubated with secondary antibodies in blocking buffer for 2 h at room temperature. Embryos at 48 h.p.f. were fixed in Dent's buffer (80% methanol/ 20% DMSO) overnight at 48C (or 4 h at RT for GFP labeling) and stained as described in Kramer-Zucker et al. (38) .
Histology
Zebrafish embryos were fixed overnight in 4% PFA before preparation for histology according to Sullivan-Brown et al. (61) . The embedded embryos were sectioned at 4 mm with a Leica RM2265 microtome. The sections were stained with azur/ methylene blue (1/1). Slides were examined using an Axio Imager Z1 (Zeiss) microscope.
Electron microscopy
Whole embryos were fixed in a mixture of 1.5% glutaraldehyde and 1% paraformalaldehyde in 0.2 M cacodylate buffer (pH 7.4) for 3 h at room temperature. The samples were postfixed for 0.75 h in 1% OsO4 in 0.15 M cacodylate buffer. The samples were then rinsed in 0.15 M cacodylate buffer, dehydrated in a graded series of ethanol, embedded in Epon 812 (Fluka) and 1 mm sections observed after toluidine blue staining. Ultra-thin sections were contrasted with uranyl acetate and lead citrate and examined with a Philips CM 120 electron microscope.
Fluid flow recording in the KV
At four-to five-somite stages, embryos were mounted with the KV positioned upright in 1% low-melting agarose. The rotating particles were imaged using a spectral SP5 microscope (Leica) with a 40× water immersion lens. All movies were slowed down to 25 frames per second (f.p.s.).
High-speed video microscopy
Live embryos were incubated in drops of 1% low-melting agarose containing 0.4% tricaine (Sigma) and oriented along their lateral sides. Cilia motility was recorded with a Leica DM-RXA microscope equipped with a 60× water immersion objective and differential interference contrast optics. Videos were recorded with a PCO 1200 high-speed camera at 500 f.p.s. All movies were slowed down to 25 f.p.s.
